The current smallpox vaccine, which was used as a tool to eradicate smallpox by 1980, is a formulation of live, fully replicative vaccinia virus. Recent studies, using modern immunological and proteomic methods to evaluate the immune response, have characterized more fully the immune responses elicited by these historic smallpox vaccines that are believed to contribute to protection (Frey et al., 2002 Davies et al., 2005a Davies et al., , b, 2007 Davies et al., , 2008 Pütz et al., 2005 Pütz et al., , 2006 Tscharke et al., 2005; Lawrence et al., 2007) . These and other studies have shown that a combination of humoral and cellular (CD4 and CD8) factors are manifest in smallpox vaccine-provided protection. Successful vaccination correlates with laboratory demonstration of the development of a cytotoxic T-cell response, lymphocyte proliferation, vaccinia virus-specific gamma interferon production, neutralizing antibodies to both mature virus (MV) and additional enveloped infectious virus (EV) forms, and serological responses to whole virus, core virus and MV and EV surface proteins in ELISA (Viner & Isaacs, 2005; Davies et al., 2005a Davies et al., , b, 2007 Davies et al., , 2008 Pütz et al., 2005 Pütz et al., , 2006 . However, actual study data on the role of these vaccine-elicited responses in protection from challenge with human smallpox are not available. In animal-challenge models with surrogate (non-variola) orthopoxvirus species, a necessary factor is the humoral response (Panchanathan et al., 2008) . This study examined the historic vaccine used in the USA (Dryvax) and evaluated the humoral neutralizing-antibody responses elicited against variola virus. Additionally, this study evaluated the immune response elicited by one of the more recently developed (Stickl et al., 1974; Meyer et al., 1991; Vollmar et al., 2006) , replication-impaired, less reactogenic smallpox vaccines, modified vaccinia virus Ankara (MVA) (Antoine et al., 1998; Vollmar et al., 2006) ; in this study, IMVAMUNE was used. Less reactogenic smallpox vaccines are anticipated to have fewer overall adverse events, especially those associated with direct virus replication (such as eczema vaccinatum, contact transmission and secondary-site implantation), associated with their use (Lane & Goldstein, 2003) . Analyses using variola virus as a substrate for in vitro viral immune response, or surrogate 'efficacy', provide additional information important for smallpox-vaccine evaluation (Fogg et al., 2007) . This may be especially important in circumstances where the historic correlate of vaccination success, the 'take' or Jennerian pustule, is not elicited, as is observed with MVA.
In total, 124 sera from 55 of the 90 participants enrolled in a National Institutes of Health-funded smallpox-vaccine trial (DMID 02-017) were obtained and sent to the Centers for Disease Control and Prevention; 106 sera from 53 of these participants (Frey et al., 2007) 50 , two doses, 1 month apart). Paired sera collected prior to vaccine dose and at the times of 'peak' response, based on plaque reduction neutralization test (PRNT) data against either MVA or Dryvax (Frey et al., 2007) , were evaluated by a variola (VAR) PRNT. Individuals' sera in the Dryvax arm were evaluated 28-30 days post-vaccination; individuals vaccinated with MVA were evaluated 14 days after the second SC or IM dose. Serologicalresponse data from 18 sera were not included in the final analysis. Six of these sera were from two individuals who enrolled and were assigned randomly to receive Dryvax vaccination, but were excluded from receiving vaccination after the discovery of contraindications to vaccine. The remaining 12 sera, which were redundant pre-vaccination serum samples from individuals in the Dryvax arm of the trial, were also not included in the analysis.
VAR PRNT titres were evaluated by using a method adapted from that described previously . Briefly, duplicate twofold dilutions of sera were prepared in RPMI 1640 medium supplemented with 2 % fetal bovine serum and incubated at 35 u C overnight with variola virus strain Solaimen at final serum dilutions of 1 : 10-1 : 40 for pre-bleeds and 1 : 40-1 : 1280 for postvaccination sera. Variola virus strain Solaimen, a Bangladesh isolate, was chosen as the assay strain because it is used frequently for virus analysis. As virus was diluted from a crude viral lysate stock, it was primarily an MV preparation and contained approximately six particles per p.f.u.; this ratio was calculated by using a quantitative PCR assay to evaluate genome number as a surrogate of particle number. Mock serum dilutions were used to quantify the 'virus-only' control. Positive (sera from previously vaccinated persons) and negative (Davies et al., 2007; Karem et al., 2005) serum controls were used to validate the assay. Vaccinia immune globulin (VIG), used as one of the positive controls, was used at dilutions of 1 : 1000-1 : 32 000 based on prior knowledge of vaccinia-neutralizing capacity. After overnight incubation, serum plus virus or control plus virus was added to BSC40 cell monolayers (derived from African green monkey kidney cells; ATCC) in a volume of 1 ml and, after a 1 h adsorption period, additional medium (1 ml) was applied. Plaques were allowed to develop over 72 h and were counted following crystal violet staining of cell monolayers.
Post-vaccination mean percentage plaque reductions for each of the vaccine treatment groups (Dryvax, MVA SC and MVA IM) were calculated at each serum dilution. Non-parametric statistics were used for comparisons between groups because the data were not distributed normally (Lehmann, 1975) . The percentage plaque reductions were compared between vaccine treatment groups for each dilution by using a Wilcoxon rank-sum test. Linear regression was applied to a log-transformation of the serum dilutions per individual to facilitate linear interpolation of their actual 60 and 90 % PRNT titres. For those individuals who achieved 60 % neutralization beyond a 1 : 1280 dilution, a 60 % PRNT titre was extrapolated based on the six dilution points. These interpolated titres were compared between vaccine treatment groups by using a Wilcoxon rank-sum test. For further information, the geometric mean titres (GMTs) at 60 and 90 % neutralization were calculated for each vaccine treatment group, both pre-and post-vaccination. The proportions of vaccinees achieving 60 and 90 % neutralization post-vaccination at each dilution in the vaccine treatment groups were compared by using a Fisher's exact test (two-sided). Both four-and eightfold rises in 60 and 90 % PRNT titres were compared between treatment groups by using a Fisher's exact test (two-sided). A P-value of ,0.05 was considered statistically significant.
Paired sera from 53 participants were analysed. From the Dryvax vaccination arm, 12 sera from time points prior to and 28-30 days post-primary vaccination were evaluated. Twenty-six individuals received MVA SC vaccination and 15 received MVA IM vaccination. In those individuals receiving MVA vaccination, neutralizing-antibody response was measured 14 days after the second dose of MVA. For positive-control sera, a formulation of VIG was used (Cangene, product no. 172, lot 1730403; 53 mg ml
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). All four experimentalists performing PRNTs obtained 60 % VAR PRNT titres at a 1 : 16 000 end point with VIG, and 90 % VAR PRNT titres at a 1 : 2000 end point with VIG. Two negative-control sera were used (Karem et al., 2005) . With one negative-control serum, three of three experimentalists performing PRNTs obtained 60 % PRNT titres at a 1 : 20 end point and 90 % PRNT titres at a ,1 : 10 dilution end point. With the other negative-control serum, two of three experimentalists obtained 60 % PRNT titres at a 1 : 20 end point and the other obtained the 60 % PRNT titre at a 1 : 10 end point; all three found the 90 % PRNT titre to occur at a ,1 : 10 dilution end point.
At peak times post-vaccination, all participants exhibited antibody responses able to neutralize .60 % of the variola virus used per neutralization (mean±SD, 268±27 p.f.u.) at dilutions .1 : 40 ( Supplementary Fig. S1 , available in JGV Online). Participants vaccinated with the two-dose MVA SC or IM regimens had a greater capability to neutralize variola virus at all dilutions tested compared with those vaccinated once with Dryvax (Table 1) ; however, these differences were only statistically significant at the 1 : 40 dilutions (P50.020).
When the individuals at peak times post-vaccination are scored for the ability to demonstrate a 60 or 90 % VAR PRNT titre at various serum dilutions (Table 2a , b), the ability to neutralize variola virus elicited by the MVA regimens is as robust as that elicited by Dryvax. In fact, 90 % VAR PRNT titres at serum dilutions .1 : 160 are only seen in the MVA regimens; none were demonstrable at peak times post-Dryvax immunization at serum dilutions .1 : 160. With this sample dataset, the trend for a higher proportion of vaccinees achieving 90 % neutralization at each dilution in the two MVA regimen groups (SC and IM) compared with the Dryvax group approaches significance only at the 1 : 40 dilution (P50.057 and 0.075, respectively).
Individual variability may also be important in the evaluation of vaccination responses. Some individuals' sera demonstrated pre-vaccination evidence of variola virus neutralization (Table 3) . Two persons in the Dryvax arm and one each in the MVA SC and MVA IM arms had 60 % VAR PRNT titres ¢1 : 40 prior to vaccination. Therefore, we also evaluated individual rises in PRNT titre as another indication of vaccination response. We found a four-or eightfold rise in VAR PRNT end-point dilutions in the individual paired sera from participants in each of the vaccination study arms. End-point response levels of 60 and 90 % VAR PRNT titres were evaluated (Table 3) . After excluding four individuals who had 60 % PRNT titres .1 : 40 pre-immunization (i.e. extrapolated titres could potentially bias the data analysis), Dryvax and MVA regimens appeared equivalent in the ability to achieve four-or eightfold rises in individual responses when using 60 % VAR PRNT titre as the outcome. However, when using 90 % VAR PRNT titre, MVA vaccination regimens appeared superior in the elicitation of four-or eightfold rises in titre (Table 3) . A significantly higher proportion of MVA SC vaccinees (100 %) achieved a fourfold rise in 90 % VAR PRNT titre compared with Dryvax vaccinees (75 %) Table 2 . Number of persons achieving 60 and 90 % neutralization at each dilution by vaccine treatment group, and geometric mean titres (GMTs) using log-linear transformation for 60 and 90 % neutralization at pre-and post-vaccination by vaccine treatment group Finally, using log-linear transformation, GMTs were calculated at the 60 and 90 % VAR PRNT levels for each of the vaccination regimens (Table 2c , d). The four individuals who had a 60 % PRNT titre .1 : 40 preimmunization were dropped from the 60 % variola virus neutralization GMT calculations. Although there is a trend towards higher 'peak' 60 % variola virus neutralization GMTs post-MVA regimen than post-Dryvax, this does not achieve statistical significance (Table 2c; Supplementary  Table S1 , available in JGV Online). However, in the more stringent 90 % variola virus neutralization GMT analysis, titres are significantly higher with each MVA regimen compared with those with Dryvax (Table 2d;  Supplementary Table S1 ). Of note, there is a significant difference when comparing the pre-vaccination 60 % PRNT titres in the Dryvax versus MVA IM groups, with the Dryvax group being significantly higher (Table 2c;  Supplementary Table S1 ).
Overall, this study suggests that the two-dose MVA vaccination regimens are as effective as the standard Dryvax vaccination regimen in eliciting variola virusneutralizing responses, and some analyses suggest that the MVA regimens, especially using SC administration, may be superior. The reasons for these observations may be related to the fact that a two-dose vaccination regimen is used with MVA, with more highly antigenic inocula, and a one-dose regimen is used with Dryvax. Recent data suggest that the MVA regimen may be superior to the Dryvax regimen in elicitation of L1 and D8 responses (Davies et al., 2008) ; these are two of the MV proteins to which neutralizing responses have been ascribed. Future studies, using standardized methods and analyses, may be of interest to compare vaccinia and variola PRNT responses, and also to assess EV neutralization. These, in turn, may be used to provide data to assess whether bridging studies using variola, vaccinia or expressed variola proteins, or other surrogates for variola virus, are necessary or sufficient for evaluation of novel smallpox vaccines, which may not elicit the historic clinical correlate of success -the 'take'. 
